INTRODUCTION
In aerobic organisms, cellular DNA is continuously exposed to reactive oxygen species produced during normal metabolism and by exogenous agents such as ionizing radiation. Reactive oxygen species generate various types of DNA damage (1±3), which may contribute to the loss of genetic stability, altered cellular regulation associated with aging and many diseases, including cancer (3±6). Therefore, the damaged residues must be excised from DNA. Oxidative base modi®cations are primarily handled by base excision repair in mammalian cells, yeast and Escherichia coli (1,7±9) .
When thymine in DNA suffers oxidative damage, several peroxides are formed (2,10). 5-hydroxyperoxymethyluracil spontaneously decomposes to generate two kinds of methyl group-oxidized thymine, 5-formyluracil (5-foU) and 5-hydroxymethyluracil (5hmU) (2, 10) . Recent studies revealed that 5-foU is potentially mutagenic (11±13), and so several enzymes recognize and remove the damage from DNA: AlkA, MutM, Nei and Nth in E.coli and hNTH1 in human cells (14±17). On the other hand, despite its identi®-cation as a major radiation product (18, 19) , the biological effects of 5hmU remain uncertain. 5hmU in the template directs the incorporation of only A during DNA replication (20, 21) . 5hmU:A oligonucleotides show the same melting behavior as normal T:A oligonucleotides (21) . Furthermore, the substitution of T by 5hmU does not affect digestion by HincII or SalI, whereas 5-foU-containing oligonucleotides are resistant to cleavage by these restriction enzymes (21, 22) . These facts indicate that the oxidation of the thymine methyl group generates a stable base-pair between 5hmU and A, suggesting that there is no obvious need for the removal of 5hmU from 5hmU:A in DNA. However, using synthetic oligonucleotides containing 5hmU:A, 5hmU-DNA glycosylase activities have been detected in mammalian cells (1, 7, 19, 23, 24) . However, corresponding enzymatic activities have not been detected in yeast or E.coli (7, 25, 26) .
Recently, Rusmintratip and Sowers (27) found a 5hmU-DNA glycosylase activity that removes 5hmU mispaired with G in human cell extracts. The 5hmU:G excision activity was 60 times stronger than the corresponding 5hmU:A activity (27) . The observation of an unexpectedly high 5hmU:G glycosylase activity suggests that human cells may encounter 5hmU:G much more frequently than previously expected. This 5hmU:G would arise from the damage of normal 5mC:G pairs in DNA (27, 28) . Therefore, it is likely that the oxidation *To whom correspondence should be addressed. Tel: +81 75 753 4097; Fax: +81 75 753 4087; Email: qmzhang@kingyo.zool.kyoto-u.ac.jp and deamination of 5mC occurs much more frequently in DNA than expected. The ®ndings and suggestions of CannonCarlson et al. (28) and Rusmintratip and Sowers (27) led us to examine whether or not E.coli cells have 5hmU-DNA glycosylase activity that removes 5hmU from 5hmU:G in DNA.
Recently, we found that E.coli MutM, Nei and Nth recognize and excise 5-foU from DNA in vitro and in vivo (15, 17) . Both 5-foU and 5hmU are formed from 5-hydroxyperoxymethyluracil and have a common structure containing an oxidized methyl group (2, 10, 21) . Hence, we ®rst examined with synthetic duplex oligonucleotides containing 5hmU at a de®ned site whether or not the MutM, Nei and Nth recognize and remove 5hmU from DNA. Here we report that E.coli MutM, Nei and Nth have DNA glycosylase/AP lyase activities that remove 5hmU preferentially from 5hmU:G mispairs in DNA.
MATERIALS AND METHODS

Chemicals and enzymes
Tetracycline hydrochloride, kanamycin, chloramphenicol, phenylmethylsulfonyl¯uoride and NaBH 4 were purchased from Wako Pure Chemicals (Osaka, Japan). Ampicillin was obtained from Meiji Seika (Tokyo, Japan). Plasmids pGEX-4T-1 and pKK223-3, glutathione±Sepharose 4B, thrombin and prepacked columns for FPLC were purchased from Amersham Pharmacia Biotech. (Uppsala, Sweden). T4 polynucleotide kinase, Taq DNA polymerase and restriction enzymes were obtained from Takara Shuzo (Kyoto, Japan) and TOYOBO (Osaka, Japan). [g-32 P]ATP (>148 TBq/mmol) was obtained from ICN Biomedicals Inc. (Costa Mesa, CA).
Synthesis of 5hmU-containing substrates
Oligonucleotides containing 5hmU at a de®ned site were synthesized as described previously (21, 29) . Brie¯y, 22mer oligonucleotides containing 5-foU (21, 29) were incubated with NaBH 4 for 10 min at room temperature to convert 5-foU to 5hmU. The resulting oligonucleotides containing 5hmU were puri®ed by HPLC. The puri®ed solution was centrifuged at 30°C to remove CH 3 CN by evaporation, and the solution was lyophilized to remove the H 2 O containing ammonium formate by evaporation. The 5hmU-containing oligonucleotide was dissolved in H 2 O. The presence of 5hmU in the oligonucleotides was veri®ed by HPLC and HPLC/mass spectrometry analyses (29) . The nucleotide sequences of oligonucleotides used in this study are shown in Figure 1 .
Oligo 1 and Oligo 2 were labeled at the 5¢-end with [g-32 P]ATP by incubation with T4 polynucleotide kinase at 37°C for 30 min and annealed with the phosphorylated Oligo 3 or Oligo 4 strand.
Expression and puri®cation of MutM, Nth and Nei
Escherichia coli MutM and Nei were overproduced and puri®ed from E.coli KSR7 (mutM nth nei) carrying pKKMutM and pKK-Nei, respectively, as previously described (15, 30) . Nth was puri®ed from E.coli BL21 carrying pGEXNth, as previously described (15, 16, 30) .
DNA trapping assay with puri®ed MutM, Nei and Nth 32 P-labeled duplex oligonucleotides (50 fmol) were incubated with various amounts of puri®ed MutM, Nei and Nth in a reaction mixture (15 ml) containing 20 mM HEPES±KOH (pH 7.5), 10 mM dithiothreitol, 1.5 mM MgCl 2 , 5 mM KCl, 2 mM EDTA, 1% glycerol and 0.5 mg of bovine serum albumin in the presence of 100 mM NaBH 4 . After incubation at 37°C for 30 min, the reaction was terminated by the addition of 2Q sample buffer, and the samples were heated at 95°C for 5 min. Trapped protein±oligonucleotide complexes were separated by 15% SDS±polyacrylamide gel electrophoresis (SDS± PAGE). The gels were dried and autoradiographed using Fuji RX ®lms at ±80°C.
DNA cleavage assay with puri®ed MutM, Nei and Nth 32 P-labeled duplex oligonucleotides (20 fmol) were incubated with various amounts of puri®ed MutM, Nei and Nth in a reaction mixture (10 ml) containing 10 mM Tris±HCl (pH 7.5), 1 mM EDTA and 50 mM NaCl. The reaction was performed at 37°C for 15 min. After incubation, the reaction was terminated by the addition of stop solution (95% formamide, 0.1% bromophenol blue, 0.1% xylene cyanol and 20 mM EDTA). The samples were then heated at 95°C for 5 min and immediately cooled on ice, and loaded onto 20% polyacrylamide gels in 90 mM Tris±borate (pH 8.3) containing 7 M urea and 2 mM EDTA. After electrophoresis at 1300 V, the gels were dried and autoradiographed using Fuji RX ®lms at ±80°C. The intensity of each band was determined by image analysis using Scion Image software.
RESULTS
Formation of trapped complexes between puri®ed
MutM, Nei and Nth and duplex oligonucleotides containing 5hmU:A or 5hmU:G MutM, Nei and Nth were puri®ed from E.coli KSR7 carrying pKK-MutM and pKK-Nei and E.coli BL21 carrying pGEXNth, respectively, as described previously (15, 16, 30) . These enzymes catalyze both the cleavage of the glycosylic bond to remove damaged bases and the cleavage of the phosphodiester backbone at the resulting AP site via b-or b-and delimination reactions (1, 8, 9, 30, 31) . It was of interest to examine whether or not these enzymes have a DNA glycosylase activity for 5hmU in DNA. In this study, we used a trapping assay to identify 5hmU DNA glycosylase/AP lyase activities of MutM, Nth and Nei by using oligonucleotides containing 5hmU at speci®c sites. The trapping assay is based on the fact that DNA glycosylases with associated AP lyase activity form a Schiff base intermediate that can be trapped by NaBH 4 to generate a stable covalent enzyme±DNA complex (8,9,31±33).
First, puri®ed MutM, Nei and Nth were incubated with duplex oligonucleotides containing a single 5hmU:A, 5hmU:G, T:A or T:G in the presence of 100 mM NaBH 4 . Trapped DNA±protein complexes were analyzed by SDS±PAGE. Figure 2A and B show that puri®ed MutM, Nei and Nth formed trapped complexes with the 5hmU-containing oligonucleotides.
Next, 5hmU-containing oligonucleotides were incubated with various amounts of MutM, Nei and Nth. The results are shown in Figure 3A Cleavage of 5hmU-containing oligonucleotide by puri®ed MutM, Nei and Nth
To further verify that the MutM, Nei and Nth are DNA glycosylases with associated AP lyase that excises 5hmU from DNA, we performed DNA cleavage assays with puri®ed MutM, Nei and Nth. Duplex oligonucleotides containing 5hmU:A (Oligo 1/Oligo 3) or 5hmU:G (Oligo 1/Oligo 4) were incubated with the enzymes at 37°C, and then the products were analyzed by polyacrylamide gel electrophoresis. The results are shown in Figure 4A and B. It was observed that all of the enzymes cleaved the oligonucleotides at the site of 5hmU. The products of the cleavage reaction increased with the amount of the enzymes (Fig. 4A and B) . Comparison of the mobilities of the products on the gels with those of molecular size markers revealed that MutM and Nei cleaved the oligonucleotides by b-and d-elimination reactions, whereas Nth cleaved them by a b-elimination reaction ( Fig. 4A and B) . Table 1 represents the speci®c activities of cleavage of the 5hmU-containing oligonucleotides by the enzymes. MutM, Nei and Nth cleaved the 5hmU:G oligonucleotide 58, 5 and 37 times more ef®ciently, respectively, than the 5hmU:A oligonucleotide. The relative activities of cleavage of the 5hmU:G oligonucleotide by E.coli MutM and Nth were consistent with those observed in human cell extracts (27) . DISCUSSION 5hmU is one of the major types of oxidative base damage produced in DNA (2, 10, 21) . It is formed by ionizing radiation with a yield comparable with thymine glycol, 5-foU and 8-oxoguanine (18, 19) . However, the biological consequences of the formation of 5hmU in DNA remain uncertain. In the genome of Bacillus subtilis bacteriophage SPO1, thymine is completely replaced by 5hmU (34) . When 5hmU arises in DNA via the oxidation of thymine, it makes a normal basepair with A (20, 21, 35) . Furthermore, 5hmU in the template does not disturb the functions of DNA or RNA polymerases (21, 35, 36) , and only dAMP is incorporated opposite the damage during DNA synthesis in vitro (20, 21, 35) . These facts lead us to conclude that 5hmU produced by the oxidation of thymine is not a serious kind of damage in DNA and does not cause substantial mutations.
Previously, Cannon-Carlson et al. (28) suggested another pathway of 5hmU formation: oxidation and deamination of 5mC. 5mC occurs naturally in DNA as a product of cytosine methylation (27, 28) . Therefore, a normal base-pair between 5mC and G generates a mismatched base-pair between 5hmU and G. If left unrepaired, 5hmU would cause 5mC:G to T:A transition mutations. Cannon-Carlson et al. (28) reported that the major pathway of 5hmU formation is the modi®cation of 5mC. Recently, Rusmintratip and Sowers (27) found a 5hmU-DNA glycosylase activity that removes 5hmU mispaired with G in human cell extracts. This activity excised 5hmU from 5hmU:G mispairs with 60 times higher ef®ciency than from 5hmU:A base-pairs (27). Cannon-Carlson et al. (28) suggested that the principal function of 5hmU-glycosylase activities is the maintenance in DNA of methylated cytosine, which plays a critical role in gene regulation in mammals. They mentioned that bacteria do not have 5hmU-DNA glycosylase activities because 5mC residues are not thought to be an essential component of gene regulation in bacteria (28) . However, the genome of E.coli includes the dcm gene, whose product methylates the second cytosine residues in the sequence -CC(A/T)GG- (37, 38) . The 5mC residues are a hot spot for C to T transitions, since the deamination of 5mC leads to the conversion to thymine (39) . The formation of T:G mismatches in DNA is corrected by the very short patch (VSP) repair pathway, which removes thymine from T:G mismatches (40,41) . The existence of the VSP repair pathway suggests that 5mC residues also play some important biological role in cellular regulation. The modi®cation of 5mC to 5hmU would be harmful, and so bacterial cells might have enzymatic activity that excises the 5hmU from DNA. The excision activities for 5hmU from 5hmU:G of E.coli MutM, Nei and Nth were much greater than those for 5hmU from 5hmU:A (Fig. 4A and B) . There is no doubt that 5hmU is harmful and so E.coli needs to possess a strong ability to excise 5hmU from 5hmU:G mispairs. In E.coli, MutM and Nth excised 5hmU mispaired with G~40±50 times more ef®ciently than 5hmU paired with A, whereas the relative ef®ciency for Nei was only 5-fold (Table 1) . Based on these results, we hypothesized that the DNA glycosylases share roles in repairing 5hmU in DNA to prevent mutations: the 5hmU-DNA glycosylase activity of Nei probably removes 5hmU from 5hmU:A base pairs, while MutM and Nth function cooperatively to remove 5hmU mispairs with G that are generated in DNA. 5hmU:G in DNA would be a serious mispair. Therefore, MutM, Nei and Nth activities would act respectively as a backup activities for each other.
Base excision repair systems are highly conserved from bacteria to mammalian cells (1, 42, 43) . Many homologs of E.coli base excision repair enzymes have been identi®ed: hNth1, the human structural and functional homolog of E.coli Nth is a good example. hNTH1 acts on 5-foU, thymine glycol and 5,6-dihydrouracil in DNA via the same mechanisms as E.coli Nth (1, 15, 44, 45) . It would be of interest to know whether hOGG1 and hNEI1, homologs of E.coli MutM and Nei, respectively, are also concerned with the excision of 5hmU from DNA. Cell extracts of E.coli KSR7 transformed with the ntg2 gene, which encodes a functional Nth homolog of Saccharomyces cerevisiae, or with the hNTH1 gene formed a trapped complex with duplex oligonucleotides containing 5hmU:G mispairs (our unpublished results).
The transition from 5mC to T is the most frequent base substitution found in human cancer (46) . In the p53 gene, about half of the observed base substitutions are C:G to T:A changes at methylated CpG sequences (47, 48) . These base substitutions may arise from the conversion of 5mC to T. Therefore, it is important to clarify the mechanisms of repair for 5hmU in DNA. The 5hmU:G glycosylase activity found by Rusmintratip and Sowers (27) may thus be important in preventing transforming mutations in human cells. Recently, Baker et al. (49) reported that the substrate speci®city of the partially puri®ed 5hmU-DNA glycosylase of human HeLa cells is distinct from that of previously reported DNA glycosylases, i.e., uracil DNA glycosylase, a DNA glycosylase that recognizes mismatched uracil (MUG), thymine DNA glycosylase and single-stranded mono-functional uracil DNA N-glycosylase (SMUG1) (49, 50) . However, the biochemical properties of mammalian homologs of these proteins and their roles in the repair of 5hmU in DNA are not fully understood. The results of this study provide some insights into the mechanisms and roles of 5hmU DNA glycosylases in preventing the development of cancer in mammalian cells.
